This paper presents ASCA/SIS and ROSAT/HRI results of three supernova remnants (SNRs) in the Small Magellanic Cloud: 0103−726, 0045−734, and 0057−7226. The ROSAT/HRI images of these SNRs indicate that the most of the X-ray emissions are concentrated in the center region. Only from 0103−726 are faint X-rays along the radio shell also detected. The ASCA/SIS spectra of 0103−726 and 0045−734 exhibit strong emission lines from highly ionized metals. The spectra were well-fitted with non-equilibrium ionization (NEI) plasma models. The metal abundances are found to be larger than the mean chemical compositions in the interstellar medium (ISM) of the SMC. Thus, X-rays from these two SNRs are attributable to the ejecta gas, although the ages estimated from the ionization timescale are significantly large, > ∼ 10 4 yr. The chemical compositions are roughly consistent with the type-II supernova origin of a progenitor mass < ∼ 20M ⊙ . The SIS spectrum of 0057−7226 was also fitted with an NEI model of an estimated age > ∼ 6 × 10 3 yr. Although no constraint on the metal abundances was obtained, the rather weak emission lines are consistent with the low metal abundances in the ISM of the SMC. A possible scenario for the evolution of the morphologies and spectra of SNRs is proposed.
Introduction
The Large and Small Magellanic Clouds (hereafter LMC and SMC) are ideal galaxies for systematic X-ray studies of SNRs, because of their reasonable sizes, wellcalibrated distances (50 kpc and 60 kpc, respectively; 000 [cite]cite.ber2000van den Bergh (2000)), and low interstellar absorptions. te]cite.wil1999Williams et al. (1999) ([cite]cite.wil1999Williams et al.(1999 ) obtained X-ray images of LMC SNRs mainly with ROSAT/HRI, and classified the SNRs into six classes according to the morphology.
They found a loose correlation between the SNR sizes and the morphological classes: the smaller SNRs tend to exhibit shell-like X-ray emission, while the larger ones have "diffuse-face" or centrally-brightened morphologies. This correlation indicates the evolution from shell-like to centrally-brightened SNRs. te]cite.wil1999Williams et al.(1999) ([cite]cite.wil1999Williams et al.(1999 ) argued that the centrally brightened morphologies could be produced by the cloud evaporation model (000 [cite] cite.whi1991White, Long(1991)) or the fossil radiation model (000 [cite] cite.rho1998Rho, Petre(1998) , and references therein). te]cite.hug1998Hughes et al. (1998) ([cite]cite.hug1998Hughes et al.(1998 ) systematically studied the ASCA/SIS spectra of seven middle-aged SNRs with a model assuming an internal structure based on the Sedov solution. They found that the average metal abundances in the SNRs decrease with increasing SNR age, and gradually approach to the mean value of the interstellar medium (ISM) in the LMC. te]cite.nis2001Nishiuchi (2001) ([cite] cite.nis2001Nishiuchi(2001)) analyzed nine fainter LMC SNRs in a less-systematic way and determined the basic plasma parameters. Besides the general tendency of the abundance decrease, five SNRs among the 16 SNRs examined by te]cite.hug1998Hughes [Vol. , et al.(1998) ([cite]cite.hug1998Hughes et al.(1998 (2000)) have spatially resolved X-rays from the blast-wave and those from the ejecta-dominated inner region; the former exhibits low elemental abundances consistent with the SMC ISM, while the latter is overabundant, especially in O and Ne.
The second-brightest X-ray SNR in the SMC is 0103−726, and the next luminous class includes several SNRs, such as 0045−734 and 0057−7226 (000 [cite]cite.hab2000Haberl et al. (2000)). All of these SNRs are located in H ii regions, DEM S125, N19, and N66, respectively (e.g., 000 [cite]cite.fil1998Filipović et al. (1998) (1995) ). To study the spectra, we used only the SIS data, which had better energy resolution (∼ 2% at 5.9 keV) than the GIS; hence, we do not refer to the GIS in this paper. The date and SIS operation mode of each observation are listed in table 1.
We rejected the SIS data obtained in the South Atlantic Anomaly, in low cut-off rigidity regions (< 4 GV), when the elevation angle was low (< 5
• ), or when the elevation from the bright earth was low (< 25
• ). Hot and/or flickering pixels were also removed. In order to restore the quality degradation after long-year operation in orbit, we applied a correction of the Residual Dark Distribution (T. Dotani et al. 1997, ASCA News 5, 14) , which is available only for faint-mode data. After these screenings, the total available exposure times were ∼ 61 ks for 0103−726, ∼ 134 ks for 0045−734, and ∼ 34 ks for 0057−7226 (see table 1 ).
Since the spatial resolution of ASCA is limited (∼ 3 ′ in a half-power diameter), we used ROSAT/HRI data (resolution is ∼ 6 ′′ ) for an imaging study. We retrieved screened image data of 0103−726, 0045−734, and 0057−7226, for which the sequence IDs are rh500428, rh500136, and rh900445, respectively, from the HEASARC Online Service. The observation of each SNR was made by two or three separate exposures centered on the same coordinates. We combined the data from those exposures, resulting in total available exposure times of ∼ 31 ks for 0103−726, ∼ 12 ks for 0045−734, and ∼ 49 ks for 0057−7226 (see table 1).
Analyses and Results

ROSAT HRI Images
The X-ray images obtained with ROSAT/HRI are shown and compared with the radio continuum emission in figure 1. Radio images at 843 MHz, obtained with MOST (000 [ The radio emission of 0103−726 has a faint shell with an ∼ 3 ′ diameter, in addition to enhanced emission at the southwest (SE) part. The X-rays show a faint shell with an ∼ 2.
′ 5 diameter along the radio shell, which was already noted in an earlier result (000 [cite]cite.ino1983Inoue et al. (1983) ). More prominent X-rays are found near the center of the radio shell with a small offset of ∼ 30 ′′ to the north. These central X-rays exhibit a small elliptical ring.
The radio emission from 0045−734 is extended to ∼ 3 ′ × 4 ′ , with a partial shell at the northwest (NW) and a weak diffuse structure to the SE. The NW shell exhibits strong [S ii] optical lines, while several weak [S ii] filaments are found within the SE emission (000 [cite]cite.mat1983Mathewson et al. (1983)). No shell-like structure is found in the X-ray band. Instead, the X-ray emission exhibits an irregular shape with strong emission at SE and faint knots at NW, both of which are confined to within the radio shell and diffuse structure. According to te]cite.dic2001Dickel et al. (2001) (2001)), the west-most knot may correspond to another SNR candidate, MCRX J0047.2−7308. However, this knot is much fainter than the remaining part of the X-ray emission, and hence contamination from MCRX J0047.2−7308 would be small. Therefore, the following results would fairly well represent the properties of 0045−734.
The non-thermal radio emission from 0057−7226 exhibits a shell-like structure with a diameter of ∼ 3 ′ , while the X-rays are concentrated in the radio shell, with a diameter of ∼ 2 ′ .
ASCA SIS Spectra
We extracted the source spectra from the entire regions of each SNR, while the background spectra were taken from nearby source-free regions. The spectra from SIS-0 and SIS-1 were co-added so as to increase the statistics. The background-subtracted spectra are shown in figure 2. Since the spectra of these SNRs show emission lines from highly ionized heavy elements (000 [cite]cite.yok2000Yokogawa et al. (2000)), we fitted the spectra with an optically thin thermal-plasma model in a non-equilibrium ionization (NEI) state, coded by te]cite.mas1994Masai(1994) ([cite] cite.mas1994Masai(1994)). The physical parameters in the NEI model are the electron temperature (kT e ), the metal abundances, and the ionization timescale, τ = n e t, where n e is the electron density and t is the elapsed time after the plasma was heated up.
We first fitted the spectrum of 0103−726 with a fixed abundance of 0.2 solar, which is the mean value of the ISM of the SMC (000 [cite]cite.rus1992Russell, Dopita(1992); hereafter, "SMC mean value"). This model, however, left bump-like (line-like) residuals at the energies of the Kshell emission lines from O, Ne, Mg, and Si, and Fe-L. Therefore, we allowed abundances of O, Mg, and Si to vary freely. In addition, since the Ne-K and Fe-L lines may equally contribute to X-ray emission around ∼ 1 keV, we treated the abundances of Ne and Fe according to the following three cases: (I) Ne is free, (II) Fe is free, and (III) both Ne and Fe are free. Model II, however, was rejected with χ 2 = 124 for 64 degrees of freedom (d.o.f.), while models I and III gave much better fits (χ 2 is 94.1 and 88.8, respectively). Even these two models were rejected from a statistical point of view, possibly due to the residual uncertainty of the response function after the RDD correction. To extract a more accurate response is impractical at this moment; thus, we adopt these models in the following discussion as a reasonable approximation. The best-fit parameters for models I and III are given in table 2. In both models, the heavy elements show larger abundances than the SMC mean value.
For 0045−734, the spectra from the two separate observations were simultaneously fitted (all of the free parameters were linked between the two spectra). We first fitted the spectra with an NEI model of fixed abundances to the SMC mean value. Since the residuals remained at energies of emission lines from Ne-K/Fe-L and Mg-K, we fit the spectra with an NEI model in which the abundance of Mg was a free parameter, and those of Ne and Fe were treated as described above (models I-III). For model III, the best-fit temperature is extremely large, kT e ∼ 25 keV. Such a high temperature would be unphysical because youngest SNRs ever known exhibit a much lower temperature (several keV). We thus do not adopt model III. Models I and II, on the other hand, gave equally better fits with no bump-like (line-like) residuals. For the same reason described above, we adopt these models hereafter. The best-fit parameters of models I and II are given in table 2. In both models, the abundances of Mg and Ne/Fe are larger than those of the SMC mean value.
Although the spectrum of 0057−7226 was well-fitted with an NEI model with free-abundances, we could not constrain the abundances due to the limited statistics. We hence fixed the abundances to be 0.2 solar (the SMC mean value). The best-fit parameters are given in table 2.
Discussion
Plasma Parameters in the SNRs
Using the X-ray images (figure 1), we estimated the volume V of the X-ray emitting plasma. For simplicity, we assumed that the plasma in 0103−726 and 0057−7226 fills a sphere with a diameter of 2.
′ 5 and 2 ′ , respectively, while that in 0045−734 fills a cylinder with a height of 3 ′ and a diameter of 1 ′ . We then obtained V = 1.3 × 10 60 · β cm 3 for 0103−726, V = 3.6 × 10 59 · β cm 3 for 0045−734, and V = 6.6 × 10 59 · β cm 3 for 0057−7226, respectively, where β represents the volume filling factor, which could be different for each SNR.
From the emission measure EM determined by the spectral fitting, we could estimate the electron density of the plasma, n e , by n e = EM/V . The number density of the nucleons was simply assumed to be the same as that of electrons. The age t was then determined from the ionization timescale, τ , by t = τ /n e . The total mass of the plasma M total was estimated by M total = n e V m H , where m H is the mass of a hydrogen atom. We then determined the mass of the overabundant heavy elements, using M total and the best-fit abundances. These estimated parameters are given in table 3. The lower limit for the ionization age of 0045−734 is 2.9 × 10 4 yr in both models, which is consistent with the age of 5.7 × 10 4 yr derived from an optical study of the kinematics (000 [cite]cite.ros1994Rosado et al. (1994)).
For 0103−726 and 0045−734, the abundances are significantly larger than the SMC mean value in any model; hence, the ejecta should largely contribute to the X-ray emitting plasma. In figure 3 , we compare the estimated element masses for 0103−726 and 0045−734 with the theoretical predictions of chemical compositions produced with supernovae (SNe) from various progenitor masses (000 [cite]cite.tsu1995Tsujimoto et al. (1995)). Type-Ia origin would be rejected for both of the SNRs, because the data largely exceed the theoretical prediction for Ne and Mg, while the data do not show a large excess of Fe, as expected from theory. On the other hand, our data roughly agree with the prediction for a type-II SN case with a progenitor mass of < ∼ 20M ⊙ . Since these SNRs are located in H ii regions, the type-II SNe origin is reasonable. The spectrum of 0057−7226 does not exhibit overabundances, and is consistent with the SMC ISM. Therefore, the type of the SN cannot be constrained. However, its location in a giant H ii region prefers a type-II origin.
Since the total mass of the "metal-poor" SNR 0057−7226 is comparable to those of "metal-rich" SNRs 0103−726 and 0045−734, 0057−7226 may simply have a smaller ejecta mass than the other two SNRs. One may argue, alternatively, if the progenitor is less massive than those of 0103−726 and 0045−734, for example ∼ 13M ⊙ , that the abundances of O, Ne, and Mg may be explained (see solid lines in figure 3) . However, this model predicts a larger mass of Fe, which is not found in the observed spectrum.
Implication for the SNR Evolution
We have shown that the X-ray emissions of the three SNRs are predominantly concentrated inside the radio shells (hereafter, "centrally peaked" morphology). The X-ray spectra predict that the ages are all rather old ( > ∼ 10 4 yr), while two of them are found to exhibit high abundances possibly due to the ejecta gas.
To explain these features as well as the results from the LMC SNRs (000 [ (2001)), we propose the following scenario. Soon after an SNR enters the Sedov phase (i.e., middle-aged stage), X-ray emission from the swept-up ISM becomes dominant because of the higher density at the shell, and hence the SNR exhibits a shelllike morphology and a low-abundance spectrum. As the age increases, the abundances gradually decrease and approach the mean value of the ISM, due to dilution with the swept-up ISM. At the same time, the morphology gradually changes from shell-like ("Shell" and "Diffuse Face 1" in 000 [cite]cite.wil1999Williams et al.(1999 ) to centrallypeaked type ("Diffuse Face 2" and "Centrally Brightened" in 000 [cite]cite.wil1999Williams et al.(1999 ), due to rapid cooling of the shell compared with the inner region. X-rays from the central region may thus be fossil radiation (000 [cite]cite.rho1998Rho, Petre(1998), and references therein) and could be enhanced by the evaporation of cloudlets (000 [cite]cite.whi1991White, Long(1991)).
The X-ray-emitting plasma shows a scatter of metal abundances, depending on the ejecta mass (large ejecta mass for 0103−726 and 0045−734 and small ejecta mass for 0057−7226).
This scenario would be supported by numerical simulations by te]cite.she1999Shelton(1999) ([cite]cite.she1999Shelton(1999 (1999) ); among them, one shell-like and three centrally-peaked SNRs were found to be overabundant. The fact that the ratio of the overabundant SNRs is higher for the centrally-peaked (3/7) than for the shell-like (1/5) may support the above scenario, although the statistics are still limited.
In a transition phase from a shell-like to a centrally- 2 , where D is the distance (60 kpc) and EM is the emission measure. ‡ In 0.7-10.0 keV. § Pegged by the upper limit of the plasma code. ... † Note. The volume filling factor is represented by β. Errors are derived from the 90% confidence limits for τ and elemental abundances in the spectral fitting (table 2) . * Defined in subsection 3.2. † Fixed to be 0.2 solar abundance in the spectral fitting.
